Dickeya dadantii 3937 (ex Erwinia chrysanthemi), a member of the Enterobacteriaceae, causes soft rot in many economically important crops. A successful pathogen has to reach the interior of the plant in order to cause disease. To study the role of motility and chemotaxis in the pathogenicity of D. dadantii 3937, genes involved in the chemotactic signal transduction system (cheW, cheB, cheY and cheZ) and in the structure of the flagellar motor (motA) were mutagenized. All the mutant strains grew like the wild-type in culture media, and the production and secretion of pectolytic enzymes was not affected. As expected, the swimming ability of the mutant strains was reduced with respect to the wild-type: motA (94 %), cheY (80 %), cheW (74 %), cheB (54 %) and cheZ (48 %). The virulence of the mutant strains was analysed in chicory, Saintpaulia and potato. The mutant strains were also tested for their capability to enter into Arabidopsis leaves. All the mutants showed a significant decrease of virulence in certain hosts; however, the degree of virulence reduction varied depending on the virulence assay. The ability to penetrate Arabidopsis leaves was impaired in all the mutants, whereas the capacity to colonize potato tubers after artificial inoculation was affected in only two mutant strains. In general, the virulence of the mutants could be ranked as motA,cheY,cheB5cheW,cheZ, which correlated with the degree to which swimming was affected. These results clearly indicate that motility plays an important role in the pathogenicity of this bacterium.
INTRODUCTION
Dickeya dadantii 3937 (ex Erwinia chrysanthemi) is a member of the Enterobacteriaceae, along with other plant pathogens, such as Erwinia amylovora, and animal pathogens such as Yersinia spp. and Salmonella spp. It has a very wide host range, affecting many crops, including potato and maize, and also the 'model' host Saintpaulia ionantha. D. dadantii, as well as other members of the soft-rot group, causes a general necrosis, termed maceration, due to the production of cell-wall-degrading enzymes (Alfano & Collmer, 1997; Armitage & Macnab, 1987) . Other factors required for expressing full pathogenicity are iron-scavenging activity (Expert, 1999; Franza et al., 1999) and resistance to plant antimicrobial compounds (el Hassouni bacterium approaches a chemoattractant. Conversely, decreasing concentrations of attractants or increasing concentrations of repellents cause bacteria to increase their tumbling frequency.
The signal cascade is initiated when certain compounds bind to transmembrane receptors, known as methylaccepting chemotaxis proteins (MCPs) (Parkinson et al., 2005) , and transmit the chemotactic signal to the cytoplasm, where cellular proteins (CheA, CheW, CheY, CheZ, CheR and CheB) are responsible for the transduction of the chemical signal to the flagellar switch. CheA, the first of the Che proteins to receive the chemotaxis signal, is a histidine kinase that autophosphorylates, and then transfers the phosphate group to CheY or CheB proteins; this happens in association with the coupling protein, CheW, and with the MCPs. The phosphorylated CheY then interacts with the flagellar motor to increase the tumbling frequency (Wadhams & Armitage, 2004) . CheB is a methylesterase and CheR is a methyltransferase; both of them are involved in the signal adaptation of the chemoreceptors. CheZ is a phosphatase that increases the rate of dephosphorylation of CheY.
So far, few studies have addressed the role of motility and chemotaxis in the virulence of plant-pathogenic bacteria. Non-chemotactic but motile mutants of Ralstonia solanacearum, an economically important pathogen of solanaceous plants, showed significantly reduced virulence with respect to the wild-type in the host plant tomato, demonstrating that directed motility, not simple random motion, is required for full virulence (Yao & Allen, 2006) . In contrast, there have been many studies concerning the virulence of che mutants in animalpathogenic bacteria. In most cases, these mutants are attenuated or not virulent (Burall et al., 2004; Butler & Camilli, 2004; Dons et al., 2004; Stecher et al., 2004; Studdert & Parkinson, 2004; Yao et al., 1997; Terry et al., 2005;  however, chemotaxis inhibits the ability of Vibrio cholerae to colonize the small intestine of infant mice (Butler & Camilli, 2005) .
The sequencing of a large number of bacterial genomes has opened the possibility of functional genomic approaches to chemotaxis, by identifying structurally related candidate genes, followed by systematic mutation and phenotypic analysis. The complete genome sequence of D. dadantii 3937 has been determined. Although it has not been published yet, preliminary data are available at the ASAP website (https://asap.ahabs.wisc.edu). This sequence has led to the identification of several candidate chemotaxis genes in this pathogen. Functionality of these genes has been analysed by directed mutagenesis followed by assessment of motility in agar plates. Analysis of the virulence of the mutants in different host plants indicated that motility/chemotaxis plays an important role in the pathogenicity of this bacterium.
METHODS
Bacterial strains and growth conditions. Bacterial strains used in this work are described in Table 1 . Strains of Escherichia coli were grown at 37 uC in Luria-Bertani (LB) medium (Sambrook et al., 1989) . Strains of D. dadantii 3937 were cultivated at 30 uC in nutrient broth (NB) (Difco), King's B medium (King et al., 1954) DNA manipulation. Standard molecular biology techniques employed in this study were performed as described by Sambrook et al. (1989) . DNA sequencing of both strands was done by the chaintermination method on double-stranded DNA templates with an ABI Prism Dye Terminator cycle sequencing kit (Perkin-Elmer) in a Perkin-Elmer 3100 DNA sequencer. Sequence alignments were performed at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) with the BLAST network service and with the BLAST facility on the ASAP website (https://asap.ahabs. wisc.edu).
Selected genes were cloned by inserting PCR amplicons into pGEM-T easy according to the manufacturer's instructions. Tn7 in vitro mutagenesis was performed with the Genome Priming System (GPS-1) kit (New England Biolabs). Marker-exchange into the chromosome was done as previously described (Collmer et al., 1985) . In all cases, the mutations were verified by PCR amplification of the target gene using the corresponding pair of primers (data not shown). The growth curves of the mutant strains were determined in rich and minimal media. All strains were indistinguishable from the wild-type (data not shown). Also, the production and secretion of protease and polygalacturonases were not affected (data not shown). The complemented mutant strains were generated by transforming the mutant strains with high-copy plasmid pGEM-T easy harbouring the relevant wild-type gene.
Virulence assays. The effect of the selected mutations on the pathogenicity of D. dadantii 3937 was evaluated in several host plants, potato tubers (Solanum tuberosum 'Monalisa'), heads of witloof chicory (Cichorium intybus) and leaves of African violet (Saintpaulia ionantha). All plant material was obtained from a local supermarket. Starter cultures of D. dadantii 3937 cells were grown to the late exponential phase (OD 600 1.0) in NB liquid medium and then subcultured after 10-fold dilution into 30 ml fresh medium at 28 uC on a rotary shaker at 250 r.p.m. to an OD 600 of 0.5-0.6, where most of the cells were motile. Cultures were harvested by centrifugation (4000 g for 15 min) at room temperature in a microfuge and then carefully washed in buffer (10 mM MgCl 2 ) twice and resuspended in a given volume of the same buffer to obtain the desired inoculum concentration.
D. dadantii 3937 cells used in further experiments were prepared in the same way. Potato tubers were inoculated pairwise with the wildtype strain and with each of the mutant strains, with 50 ml of a suspension containing 5610 5 bacteria (Lopez-Solanilla et al., 2001 ). The bacteria were contained in a plastic tip, which was inserted at a constant depth of 1.5 cm. Two inoculations (wild-type and mutant strains) were made in each tuber. Potatoes were left at 28 uC with 100 % relative humidity for 48 h. After this time, tubers were sliced at the inoculation point, and the macerated tissue was carefully removed and weighed. Differences between the wild-type and the mutant were assessed statistically using a paired Student's t-test. Two different experiments each including all mutants were performed and at least 10 tubers per experiment were inoculated with each pair of compared strains.
Virulence assays on witloof chicory leaves were carried out by measuring the macerated area after 24 h (Bauer et al., 1994) . At least 22 leaves were pair-inoculated with each mutant strain and wild-type. The inoculum (10 ml of a bacterial suspension containing 5610 4 bacteria) was deposited in leaves previously wounded at the bottom with a tip. The leaves were incubated in a moist chamber at 28 uC for 24 h. The macerated area was digitally measured using the software Image J and differences between wild-type and mutants strains were statistically assessed with a paired Student's t-test.
The Saintpaulia ionantha plants were inoculated with 100 ml of a suspension containing 5610 6 bacterial cells in two leaves per plant. Each strain was inoculated into the adaxial side of three different plants by syringe infiltration, and the plants were incubated in a moist chamber at 28 uC for 3 weeks with high humidity in order to get a systemic infection as described by Yang et al. (2004) . The symptoms were recorded 3 weeks after inoculation.
Entry of D. dadantii into Arabidopsis thaliana leaves. The culture of D. dadantii 3937 cells was prepared as described above. Leaves of col0 ecotype plants were inoculated with each strain. A hole was made with a needle on the leaves, and then 10 ml of a bacterial suspension at a density of 10 7 c.f.u. ml 21 was spotted on the surface containing the hole. Between 6 and 12 leaves were inoculated with each strain. After 2 h of incubation at 28 uC, the leaves were washed with sterile water and viable cell counts were determined in crushed leaves by serial dilution and spiral plating on NB medium. In a control experiment using unwounded leaves it was estimated that less than 1 % of the bacterial cells of the inoculum adhered to the leaf surface (data not shown). The number of c.f.u. of each strain that entered into A. thaliana leaves was estimated, and the means were compared in a one-way ANOVA (a50.05), using Fisher's protected LSD method.
Swimming and chemotaxis assays. The culture of bacteria was prepared as described above, and then inoculated in the centre of each of three Petri dishes with a sterile toothpick. For motility experiments, 0.3 % agar plates were used. All the plates were incubated at 28 uC in a humid environment for at least 4 days. The diameter of the radial growth was measured each 24 h. This experiment was performed five times. Swimming ability of each mutant and of the wild-type strain was compared in a factorial ANOVA test blocking on experiment. Means were compared using Fisher's protected LSD procedure.
The relationship between virulence (estimated as differences between wild-type and mutant strains on chicory leaves) and swimming (measured by the radial growth on MMA) was analysed using regression analysis.
Chemotactic plates containing semisoft (0.3 %) MMA (with or without sodium citrate or glycerol) agar, and the corresponding chemoattractant at a concentration of 1 mM, were inoculated with the strain to be tested and incubated at 28 uC for 4 days. Radial growth was measured each 24 h and compared with the control strain at the same time. Chemotaxis assays were performed in triplicate. Diameters were analysed by a two-factor ANOVA using the general linear model procedure (GLM) of SAS (Statistical Analysis System, version 9.1 for Windows). One factor included each of the strains, and the other factor was the chemoattractant type (serine, aspartate and MMA as control). Interaction factor was included in the analysis. Mean values of the haloes for each chemoattractant type were compared for each mutant using contrast analysis. Carbon source assay of D. dadantii strain 3937. Bacterial cultures were prepared as described above, and then resuspended in 10 ml fresh MMA (without glycerol or sodium citrate), amended with one of the carbon sources, to obtain an OD 600 of 0.01 (Table 2) . After 24 h incubation at 28 uC the turbidity of the culture was measured; moderate growth was considered as an OD 600 between 0.1 and 0.6, and vigorous growth as an OD 600 ¢0.6.
Computerized analysis of cell videos. D. dadantii 3937 was grown to the late exponential phase in NB liquid medium and then subcultured after 10-fold dilution into 30 ml fresh medium at 28 uC and incubated on a rotary shaker at 200 r.p.m. to an OD 600 of 0.6, where most of the cells were motile. A drop of this culture was evaluated under a phase-contrast microscope by observing the smooth swimming or tumbling phenotype exhibited by the bacteria. The analysis was undertaken using the fully automated system for video content analysis VideoCatalyser (Video Content And Tracking Analyser), which is a current development from Rodríguez et al. (2004) . The program to control the video analysis is written in C++ and requires a standard PC with openCV software (http://opencv. software.informer.com). The bacterial motility videos contain a large number of 'characters' (the bacteria) whose movements are independent from one another, presenting a high level of complexity for the analysis and information extraction. Our system has several advantages with respect to other available programs, in relation to the number of bacteria that can be simultaneously tracked, and the extent of the data that can be analysed and stored.
Prior to analysis, cell video sequences were filmed on analogue VHS video tape and then captured to a digital format using a domesticgrade video-capture card. In the first step of video analysis, the system identifies the cells in every video frame using an adaptive thresholding algorithm for segmenting the image and separating the cells from the background. Moving bacteria are tracked by a multi-target tracking algorithm using a nearest neighbour approach comparing adjacent frames in a movie file. In general, the system should be able to track any moving object in a movie provided that there is sufficient contrast between the object being tracked and the background of the image. Then the system measures and stores multiple dynamic features (position, speed, aim, etc.) for every cell track detected along the video sequence. While the video sequence analysis is working and the bacterial movements are being characterized, the system also calculates mean values of key features for the whole cell population, to identify patterns and tendencies in the motility of cells. Angularity is defined as the total direction change measured in degrees covered by the bacterial cell per time unit and constitutes a good estimation of tumble frequency. Linearity is defined as the ratio between the total space covered by the bacterial cell and the distance covered, and is directly linked to the smoothness of the movement. Further description of the VideoCatalyser software and the program are available at http://www.bitlab-es.com/videoanalysis. 
RESULTS
Identification and cloning of candidate chemotaxis genes in D. dadantii 3937
Based on BLAST searches of the D. dadantii 3937 genome with sequence data of chemotaxis and motility genes from other bacteria, we selected four candidate genes of the intracellular signalling pathway, che genes, and motA for further analysis. The MotA protein is associated with the cytoplasmic membrane (Boyd et al., 1982) and is involved in conducting protons across the cytoplasmic membrane (Blair & Berg, 1990) . The sequence similarities of the selected gene products to other known proteins, and their ASAP ID numbers, are shown in Table 3 . Appropriate forward and reverse primers were designed to perform PCR amplification and cloning of each gene (Table 1) .
Generation and phenotypic analysis of chemotaxis mutants
As a preliminary step to study the role of bacterial movement in virulence, swimming motility in D. dadantii 3937 was assayed. All motility/chemotaxis mutants showed significantly less radial growth than the wild-type after incubation on 0.3 % agar plates for 50 h (Table 4) . Mutants cheB and cheZ were significantly more motile than cheW and cheY.
Complemented strains were generated and their motility analysed. All strains showed partial complementation of the mutation, with an increase in motility of about 50 % relative to the respective mutant strain, except motA, which reached 70 % of the wild-type level (Table 4) .
In liquid media mutant cheB was not able to swim smoothly; in contrast, mutants cheW and cheY had lost tumbling ability. Mutant cheZ showed a very similar behaviour to the wild-type strain. As expected, mutant motA showed an immobile phenotype. Swimming behaviour in liquid media was further analysed using the video analysis software VideoCatalyser. Fig. 1 shows the basic parameters of these movements. Congruently, the 'tumbling' mutant cheB showed a high angularity value. Mutants cheW and cheY, which visually showed a lower frequency of tumbles, had linearity values significantly higher than that of the wild-type. The non-motile motA strain showed high linearity and low angularity, reflecting the fact that its movement is due only to the liquid flow.
Chemotaxis assays
All of the compounds assayed except cysteine were chemoattractants for D. dadantii 3937 (Table 2) . Moreover, in most cases the same compounds could be used also as a carbon source at the assayed concentration except maltose, alanine, cysteine, glycine and proline.
Chemotaxis toward aspartate and serine was assayed in chemotaxis plates with the wild-type and the mutant strains (Table 5) . Mutants cheY and cheZ retained chemotaxis toward serine but not to aspartate.
Virulence assays
In the standard chicory assay, all mutants showed a significant reduction in their virulence compared to that of DCells were inoculated in the centre of a Petri plate containing 0.3 % agar and MMA. The radial growth (cm) was measured after 120 h. In the experiment all strains were compared using three replicates and the data shown represent the mean of the diameters. Means within the column followed by the same letter are not significantly different at the 5 % level, as determined by contrast analysis.
the wild-type strain. The means of the differences in virulence were compared among mutants. The motA mutant had a significantly greater difference in lesion size from the wild-type than the other mutants ( Fig. 2) and was thus considered least virulent.
Virulence assays were also carried out in the African violet (Saintpaulia ionantha), which is one of the typical hosts of D. dadantii 3937. The wild-type strain was able to infect the whole leaf and reached the petiole, whereas the growth of all the mutant strains was confined to the inoculation point (Fig. 3) .
In potato tubers, the mutant strains cheB and cheW did not show a significant reduction in virulence (Fig. 4) , in contrast to the results with Saintpaulia ionantha plants and chicory leaves.
Entry of D. dadantii into A. thaliana leaves
Another pathogenicity test was performed to compare the ability of wild-type and mutant strains to enter plant tissue. An inoculum of 10 5 bacterial cells was deposited in a wounded A. thaliana leaf; after 2 h the leaves were washed and the bacterial population inside the plant was evaluated by tissue-grinding and plating in Petri dishes. The mutant strains showed a significant reduction in their ability to enter the plant leaf compared to the wild-type strain, but there were no differences among the mutants (Table 6) .
DISCUSSION
In this work we explored the role of motility and chemotaxis in the pathogenicity of D. dadantii strain 3937. The completion of the genome of this bacterium revealed that the genes involved in the chemotactic signal transduction system are highly conserved, with sequence similarities around 85 % with respect to the orthologues found in other species of Enterobacteriaceae (Table 3 ). The analysis of the genome also revealed that this bacterium has 44 candidate genes coding for MCPs (https://asap.ahabs. wisc.edu), whereas related species such as E. coli possess only four (Sourjik & Berg, 2004; Studdert & Parkinson, 2004) . This may indicate that D. dadantii 3937 requires a chemotactic ability far more complex than that of E. coli. The values represent the diameters (cm) of the radial growth after 24 h in chemotaxis plates containing 1 mM aspartate or serine. Means within the column followed by the same letter are not significantly different at the 5 % level, as determined by contrast analysis. wt; wild-type strain. This is in agreement with our finding that motilitydeficient mutants showed diminished virulence in several plant hosts.
Our data clearly indicated that all the che mutants assayed were affected in motility (Table 4) . Apart from the nonmotile motA mutant, the cheY mutant was the most affected, showing an approximately 80 % reduction in its swimming, and the cheW, cheB and cheZ mutants showed a 74 %, 54 % and 48 % reduction, respectively, in swimming agar plates. The partial complementation of the mutant strains is probably due to the different expression levels of the proteins, which could alter the stoichiometry of phosphorylated and non-phosphorylated forms of the components of the chemotaxis system.
In general, the observed behaviour of the mutants in liquid medium was congruent with the reported phenotype in other related bacteria (Armitage & Macnab, 1987; Burkart et al., 1998; Parkinson et al., 2005) , which indicates that the basic machinery for the chemotaxis signalling pathways is functionally conserved in D. dadantii 3937: cheB showed more tumbling frequency, cheY and cheW less tumbling frequency than the wild-type strain. One important exception was mutant cheZ, which was able to do both tumbles and runs, in contrast with the corresponding E. coli mutant (Sanna & Simon, 1996) , which only tumbles. Furthermore, one cheZ mutant of Salmonella typhimurium was able to do only runs (Yamaguchi et al., 1986) . It can be postulated that other D. dadantii protein(s) could complement the function of CheZ; however, there are not orthologous genes of cheZ with a high sequence similarity.
The use of video analysis software enabled us to analyse the behaviour of bacterial cells in liquid media with more objectivity than by mere visual inspection with the microscope. The results (Fig. 1) are congruent with the visual observations: the cheB mutant showed a substantial difference with respect to the wild-type (28.5 % linearity and 169.4 % angularity); the cheW and cheY mutants showed a moderate increase in linearity and decrease in angularity. The cheZ mutant gave values of both parameters very similar to those of the wild-type (102.8 % linearity and 94.6 % angularity). All the differences between the strains shown in Fig. 1 , albeit small, were statistically significant.
We have shown that D. dadantii 3937 is attracted to many substances, such as sugars, amino acids and organic acids (Table 2) ; however, the complete list of chemoattractants could be much larger. In most cases the chemoattractant could be used as the sole carbon source, but there are (wt, cheB, cheW, cheY, cheZ, motA) . Two different experiments were performed in a moist chamber at 28 6C and the symptoms were recorded 3 weeks after inoculation; representative results are shown. (Yang et al., 2004) highlights the role of chemotaxis in the interaction with plants.
Results shown in Table 5 indicate mutants cheY and cheZ retained partial chemotaxis towards aspartate and serine, whereas mutants cheW and cheB retained none. In principle, it can be expected that mutations in the genes involved in the chemosensory pathway totally abrogate chemotaxis. However, it has been reported that a cheB mutant of Azospirillum brasilense showed a reduced chemotactic response (Stephens et al., 2006) . Interestingly, Dowd & Matsumura (1997) , using a flash photolysis technique, demonstrated that an E. coli cheZ mutant (which is non-chemotatic by classical techniques) retains partial chemotaxis ability; these authors hypothesized that this is a consequence of the spontaneous dephosphorylation of CheY.
The results presented here clearly indicated that mutations affecting motility/chemotaxis had a marked influence on the virulence of this bacterium toward several hosts: chicory, Saintpaulia and potato (Figs 2, 3 and 4) . In all the assays performed, the mutant most affected in virulence was the non-motile motA, followed by cheY. cheZ was always the least affected mutant, whereas cheB and cheW mutants showed a very similar phenotype, always between cheY and cheZ. This pattern perfectly mirrors the degree of impairment in swimming measured in Petri plates (Table 4) . It must be pointed out that the assays employed differ not only in the plant host, but also in the condition of the assay itself. Thus, the chicory assay measures bacterial ability to enter a wounded chicory leaf and spread in the tissue. The Saintpaulia assay was designed to study bacterial ability to move through the leaf veins. In contrast, the potato assay measures the ability to macerate the tip-inoculated tuber tissue. Finally, the A. thaliana assay is focused on bacterial penetration inside the plant in a short time-course. Clearly, the results presented here show that the importance of motility/chemotaxis varies drastically depending on the virulence assay. These features appear to be very important for the bacterial ingress inside the plants, as shown in Table  6 , and also for bacterial movement through the leaf petiole, as shown in Fig. 3 . It should be emphasized that motility/ chemotaxis also plays a role -albeit small -in colonization of potato tubers (Fig. 4) . This host (potato tubers) is particularly interesting because it is very susceptible to D. dadantii colonization, and only mutant strains with severe defects in virulence show differences when compared to the wild-type strain (Lopez-Solanilla et al., 1998) . Interestingly, cheY and motA mutants showed a significant reduction of their virulence in this host. In contrast, other D. dadantii 3937 mutants in genes well known for their contribution to pathogenicity, such as pectate lyase genes and hrp, retain wild-type virulence in this tissue (Lopez-Solanilla et al., 2001) .
In summary, our results indicate that motility/chemotaxis plays several roles in the pathogenicity of D. dadantii. Nevertheless, it is very difficult to separate the contribution of motility and chemotaxis, since both features are affected in the mutant strains. These results differ from those reported by Yao & Allen (2006) in Ralstonia solanacearum, which showed that motility mutants were affected in their ability to enter the plant, but retained wild-type virulence if inoculated inside the plant tissue.
Although it is clear that motility constitutes an important feature in bacterial pathogenicity to plants, the particular role that it fulfils is much less clear. In the case of D. dadantii 3937 it is possible to hypothesize that in advanced states of the soft-rot disease, the plant tissue could be sufficiently macerated to allow swimming of bacterial cells. In this situation, motility and chemotaxis would enable bacteria to move away from nutrient-depleted areas. Similarly, it is possible to speculate that bacterial movement on the plant surface could be a preliminary step prior to penetration through wounds. Further investigations are required to settle such questions.
